1931), do not involve functions such as visual acuity which are particularly interesting in this connection. We therefore determined to measure some of these functions in another animal whose vision is significantly different from our own so as to furnish the basis for an independent description of its underlying physiological structure. In this paper we record such measurements of visual acuity and of intensity discrimination as they are influenced by the in.tensity.
A previous success in the measurement of visual acuity with the bee (Hecht and Wolf, 1929) led us to use the common fruit-fly, Drosopkila melanogaster, which in addition to the genetic uniformity also possessed by the bee, has the advantages of ease of culture and year-round availability. Obviously the use of such an animal demands the development of a special procedure for measuring visual response. This has already been accomplished for the bee and can be used with modifications for the fly. The method depends on the reflex response given by an animal to a movement in its visual surroundings. Presented with a visual field composed of a definite pattern, an animal can obviously respond to a movement of this pattern only when it is able to resolve the essential elements of the pattern. The composition of the pattern may then be varied to obtain a measurement of either visual acuity or of intensity discrimination. The simplest pattern is a series of stripes. For visual acuity the stripes may be varied in width and the intensity determined at which they are just resolved. For intensity discrimination the relative intensities of the alternating stripes may be varied and the minimum difference in intensity determined which, for a given stripe width, will just elicit a response at a series of selected intensities. We arranged our apparatus so that both measurements could be made on a single fly in the same set-up and under identical conditions.
II

Nature of the Reflex Response
The response of the fly presents several interesting aspects. A fly is allowed to creep freely along the horizontal length of a narrow glass cell placed parallel to an illuminated, vertically striped plate constituting its entire visual field. With the striped plate at rest the fly usually creeps back and forth from one end of the 7 cm. cell to the other. If now the striped plate is moved in the direction in which the fly is creeping, the fly stops, creeps backward for a few millimeters, turns around, and rapidly runs off in the opposite direction. This behavior is almost diagrammatic. By moving the plate repeatedly back and forth, it is possible to keep the fly revolving about any point in the cell.
It is simple to show that the behavior of the fly is not acquired during its first essays at motion. We allowed several pupae to emerge in complete darkness, each in an experimental cell. The response of the flies during their very first exposures to light was just as characteristic and clear as that of older flies raised in the light. A measurement of the threshold for a response to a given stripe made with one of these flies gave a value of 1.8 X 10 -3 millilamberts; the measurement occupied 3 minutes during only a small fraction of which the fly was actually illuminated. 8 days later its threshold was 1.5 × 10 -~ millilamberts, an agreement well within the daily variability of the animals. Between these two measurements the fly had been exposed daily to the light from an open window. Evidently the response of Drosophila to moving patterns is an inherited, complicated reflex.
Almost all animals with eyes perform such directed reactions when presented with a movement in their visual environment (Lyon, 1904; Garrey, 1905; Hadley, 1906; Demoll, 1909; Doflein, 1910; Loeb, 1918; Schlieper, 1927; Hecht and Wolf, 1929; Grundfest, 1931; Schulz, 1931) .
The response is either with the direction of the environmental displacement, or against the displacement. Thus fish under certain conditions follow a moving pattern (Grundfest) as do certain arthropods (Schlieper), whereas bees (Hecht and Wolf) and Drosophila move against the background motion.
The animals which move with the motion of the background are fish, aquatic insects, crabs, and hovering insects, which maintain relatively stationary positions for some time even in a moving medium. Very likely they accomplish this by optically fixating some portion of their visual field and adhering to it even if they have to swim or fly against the current. On the contrary, the animals which move against the displacement in their visual field are bees and flies which move in a relatively stationary environment. When they fly or creep, their visual environment usually passes by them. Their response when
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their visual field suddenly begins to overtake them is then concerned with so orienting themselves that the visual environment assumes its characteristic motion past them. It is to the point that the one animal which has been studied under both conditions may go with or against a movement in its visual field depending on whether the animal itself is fixed or free to move. The honey bee when it creeps freely always goes against any movement of its visual environment. Confronted with a series of moving stripes, the change in direction of creeping of the bee results from the bending of the head and thorax in the new direction opposite to the stripe movement. On the other hand when the bee is fixed in position and confronted by a similar movement of stripes, the head and thorax characteristically follow the movement (Schlieper).
The main significance of these responses for us is that they may be used as a too] in the quantitative study of the visual capacities of animals. In the present experiments, the response of the fly was used merely to indicate that the fly resolved the particular pattern presented to it under the given conditions. The response is so vigorous and clear-cut that even at threshold conditions it is unmistakable. Actually at these threshold conditions the fly does not leap backward and turn about; rather it stops when the stripes are moved in the direction in which it is creeping, and starts again when the stripes are moved in the opposite direction. This was the constant response used as endpoint in all the measurements to be described.
We made no special effort to control precisely the speed of the plate movement used in evoking the reaction. However, this motion was always sufficiently slow so that any complication by fusion of the stripes is out of the question. 1 To obtain a sharp response it is not 1 This is the difficulty with the work of Graham and Hunter (1931) who in using this method for measuring the visual acuity of humans found that a moving pattern yielded markedly different results from a stationary pattern. One of us (G. W.) with the help of Dr. Harry Grundfest repeated enough of Graham and Hunter's measurements to be certain that such discrepancies disappear when the plates are moved with the velocity which we habitually use in these experiments. This was confirmed personally by Dr. Graham, who saw these measurements. It emerged that in the work of Graham and Hunter the pattern had been moved very much more quickly,--so quickly indeed that fusion occurred. This high rate of motion of the pattern completely accounts for the aberrant results obtained by these authors. necessary to move the striped plate more than just perceptibly faster than the movement of the fly itself.
ITT
Apparatus and Procedure
The relation which visual acuity and intensity discrimination both bear to the prevailing intensity may be measured in two ways. One may set a given intensity and determine by trial with the animal what the visual acuity or the intensity discrimination corresponding to it is; or one may choose a pattern corresponding to a given visual acuity or select a given intensity difference and by trial with the animal determine the intensity at which the resolution of the pattern takes place or the intensity difference is recognized. With intensity discrimination we used both methods; with visual acuity only the latter.
The apparatus used for the first method of measuring intensity discrimination consists essentially of a movable set of vertical stripes separated by interspaces of the same width, the whole being so arranged that the illumination of the stripes and of the interspaces may be controlled independently. It may be understood by reference to Fig. 1 .
The light from a 500 watt concentrated-filament Mazda lamp fails on two separated, and light-insulated portions of an opal plate (opal 1), thus forming two secondary sources of illumination, an upper and a lower. The lamp is kept in one dark room, the rest of the apparatus in another; the wall between the two contains two openings for the light to reach the two portions of opal 1, which is in immediate contact with the openings in the wall. The intensity falling on opal 1 is varied by placing the lamp at different fixed distances from the openings. At a given position of the lamp, the intensity of the lower secondary source remains fixed, and illuminates an opal plate (opal 2 b) immediately in front of which is a series of opaque vertical bars separated by equal sized transparent spaces. The upper secondary source similarly illuminates an opal plate (opal 2 a) in front of which is a duplicate bar and space arrangement. The intensity falling on opal 2 a can be varied by means of an accurate iris diaphragm immediately in front of the upper secondary source which controls its radiating area. A fixed diaphragm in front of the lower secondary source so adjusts its radiating area that with the iris wide open the illumination on opal 2 a is just perceptibly greater than on opal 2 b, even though the latter is nearer opal 1.
The light from the two series of bars and spaces, after reflection by a mirror and prism, is focussed with a projection lens on a third opal screen. The optical paths of the light from the two sets of stripes to the screen are of identical length and composition; hence the two are projected in simultaneous focus. The two sets of stripes are mounted on the same heavy brass carriage which moves on roller bearings along a track perpendicular to the plane of the drawing in Fig. 1 . The relative positions of the two sets of stripes are so adjusted that in the projection on the final opal screen (opal 3) the image of the bars of one falls exactly in the clear spaces of the other. The result on the final screen is a movable series of alternating, illuminated stripes whose relative intensities may be controlled by the iris diaphragm at the upper secondary source. When the iris diaphragm is slightly closed, the two sets of stripes are of equal brightness and the field is uniform. When the iris diaphragm is completely closed, every other stripe is at zero illumination and the field is a series of black bars separated by equally wide, illuminated interspaces. At any intermediate position of the iris, the bars may take on any intensity value between zero and that of the interspaces. As already indicated, the intensity of the interspaces may be set at any desired value by regulating the position of the Mazda source. The width of each stripe on the final pattern occupies a visual angle of 85°; as will be apparent later, this is well above the largest visual angle required for the lowest visual acuity of the fly.
The fly is placed in a rectangular glass cell in front of the final opal screen on which the moving pattern is projected. The interior of the cell is about 2 mm. high, 3 mm. wide, and 70 ram. long. The fly, which is broader than it is tall, always walks upright or inverted in the cell, never on the sides. The fly thus always turns one eye full toward the pattern. The fly is observed through a cylindrical reading lens mounted parallel to the cell.
The measurements are made as follows. A fly is put into the apparatus and allowed to walk freely when the light is on. By means of the iris diaphragm, the intensities of the two sets of stripes are equated. Motion of this uniform field produces, of course, no response. The brightness of the variable stripes is now progressively decreased by decreasing the iris diaphragm, and the animal subjected to the moving pattern with each small diminution. A point is soon reached when the animal responds to the movement, indicating that it can distinguish between the intensities of the alternating stripes.
The apparatus for the second method of measuring intensity discrimination is much simpler than for the first method. Here the animal is presented with a plate so constructed that its alternating stripes transmit a fixed ratio of intensities, and the prevailing intensity is adjusted until the fly responds to a movement of the plate. Fig. 2 makes the arrangements clear. Light from a 500 watt concentrated-filament Mazda lamp in one dark room falls on an opal glass plate (opal 1) which covers an opening in a rectangular box mounted on the wall of the dark room. The opposite end of the box opens against a hole in the wall leading into an adjoining dark room. Immediately against the hole is another opal glass (opal 2) which forms one wall of a second rectangular box of which the opposite wall is a third opal glass plate (opal 3). The intensity of the light falling on opal plate 3 is controlled This set-up (a) discontinuously by placing the lamp at three selected distances from opal 1, and by removing opal 1, and (b) continuously for the intervening steps by means of the accurate iris diaphragm in front of opal plate 2. The illumination on opal plate 3 can be accurately and continuously varied over a range of 6 logarithmic units of intensity.
Immediately in front of opal 3 is the striped plate, mounted in a carriage which slides easily along brass tracks. A plate is composed of translucent bars and equally wide, clear interspaces. For all the plates the width of the bars and spaces is the same, and the clear interspaces are the same. The plates differ in the density of the bars, so that each plate represents a pattern of stripes whose alternating elements have a fixed ratio of light transmissions. The plates were prepared by photographically enlarging on Eastman Process plates a striped pattern accurately engraved by Max Levy and Company of Philadelphia. The Levy plate consists of equally wide, alternating opaque and clear stripes, such as ]~OR~f AND INTENSITY DISCRIMINATION were employed in the visual acuity work with the bees (Hecht and Wolf) . By varying the time of exposure and keeping all conditions of lighting and development constant, a graded series of stripe densities were obtained. The six plates which we used were calibrated for the transmissions of the stripes and the clear spaces with a Koenig-Martens spectrophotometer using light of 500 rag.
The measurements are made by setting for each plate an intensity at which motion of the plate produces no response. The intensity is then gradually raised by small steps until the characteristic threshold reaction of the animal is elicited. Knowing the intensity of the clear spaces and the relative transmissions of the bars and clear spaces, we have a measure of the difference in intensity required at a given intensity for the fly to respond to the stripes.
We began with the first apparatus, but soon abandoned it for the second, which we adopted because of its greater simplicity, and because we could also use it for measuring visual acuity. All that is required for determining visual acuity with the second apparatus are plates of proper density and size of stripe. We prepared photographically a series of striped plates, using Eastman Process plates and Eastman special hydroquinone developer. They were all enlargements of the accurately made Levy plate previously mentioned. The size of the stripes was varied, but the exposures were complete. In this way we secured plates with stripes of a very high degree of opacity, transmitting certainly less than 1/10,000 of the incident light, and with interspaces which were almost perfectly clear. The transmissions of the clear spaces were nevertheless measured and an appropriate correction applied to the intensity.
The procedure for making the visual acuity measurements is similar to that for intensity discrimination. For each plate an intensity is set at which a motion of the plate evokes no response. The intensity is then gradually raised and the fly tested until an intensity is found at which it just gives its characteristic response. Knowing the distance of the fly from the plate and the width of the stripe, the visual acuity is merely the reciprocal of the visual angle in minutes. The distance of the fly from the plate was kept constant for each series of measurements, though it was not the same for all the series. It is of the order of 15 ram. and is measured from the center of the eye.
The flies used in all the measurements here recorded were selected from a homozygous wild-type stock and were grown in the cornmeal-agar-molasses medium, seeded with yeast, used by Morgan and his coworkers. In our final measurements only females were used, because they crawled more slowly and steadily than the males. Each female was usually supplied with a male, and the pairs were quartered in individual vials containing 2 per cent agar in Pasteur's medium seeded with yeast. In this way a fly could be kept active for 3 weeks and longer. flies is recorded. The crosses were secured with the first apparatus; the dots with the second apparatus.
October and November of 1930; with the second apparatus we measured seventeen flies between February and June of 1931. Each measurement with each fly is shown in Fig. 3 , where those made with the first apparatus are crosses and those with the second apparatus are dots. It is apparent that the results from the two sources are the same, and that the data are homogeneous. The 113 measurements have been combined in the obvious groups into which they fall in the plot in Fig. 3 , and have been averaged. These averages are given in Table I . The curve drawn through the data in Fig. 3 is made to pass through these average points, and it is plain that the averaged data are a real representation of the individual measurements.
The data show that at the lowest intensities, for the fly to recognize the pattern, the higher intensity has to be about 100 times as strong as the lower. As the intensity increases, the just perceptibly lower intensity increases at first much more rapidly than the higher, then the two increase at about the same rate until the ratio of higher to the just perceptibly lower intensity becomes about 2.50, which value is maintained up to the highest intensities. This is shown by the fact that the plot in Fig. 3 rapidly approaches a straight line with a slope of 45 °.
In order to be certain that the ratio of the two perceptibly different intensities undergoes no further change as the intensity increases, we tested flies at intensities up to 1000 millilamberts. Our first apparatus varies the ratio continuously, but unfortunately cannot achieve high intensities. The second apparatus can reach high intensities, but gives ratios in discrete steps only. Using the second apparatus we therefore tested flies at three intensities to each of three plates whose stripes transmit light in the ratios of 1.84, 2.17, and 2.77 respectively. The data for Fly 10 c are given in Fig. 4 . The measurements made in the usual way are marked with circles. The responses of the fly to the highest three intensities are shown by a minus sign when it failed to respond, by a plus sign when it responded clearly, and by a combination of the two when its behavior was doubtful. Fig. 3 and Fig. 4 show that intensity discrimination in Drosophila begins to be effective at a prevailing brightness of 0.008 millilamberts. At this value, intensity discrimination is extremely poor; but in the short space of half a logarithmic unit the intensity discrimination improves at a tremendous rate so that it reaches very nearly its maximum value, which then remains constant for 4.5 log units up to the highest intensities obtainable in the measurements.
It should be pointed out that even thesehighintensitiesarenotreally high for Drosophila. We give the intensities in millilamberts, which are brightness units for our eyes. Our photometric measurements represent the effectiveness of light in terms of the efficiency of the spectrum, which for our eyes with a 500 watt lamp is maximal between 560 and 570 m#. The maximum effectiveness of the spectrum for Drosophila is at 360 m# at which point the light is easily 100 times more effective than at 560 m# (Bertholf, 1932) . Considering the comparatively trifling amount of light of 360 m# which a 500 watt lamp emits, and the trifling amount which the various opal glasses transmit, a brightness of 1000 millilamberts thus secured must be a fairly low intensity for Drosophila. It will therefore be important to extend these measurements of intensity discrimination using ultra-violet light. A practical consequence of this situation for our present measurements is that a photometric reproduction of a given brightness in the present apparatus as made with visible light and with our eyes need not necessarily represent a similar amount of effective energy for Drosophila in the ultra-violet. Indeed we often did find variations in threshold which are very likely due to this factor. In combining the measurements of many animals as in Fig. 3 and also later in Fig. 7, we compensated for these occasional changes in threshold by shifting the data equally along both intensity axes to bring them into con- fortuity. Since the intensity is plotted logarithmically, the procedure is simple and introduces no difficulties.
In Table I A method adopted by many workers in photometric practice is to plot AI/(I + AI) against log (I + A/). In the human eye where the difference between I and (I + A/) is very small, it makes little difference which of the two methods is used. But in the fly the difference is tremendous. Fig. 6 shows the data of Table I log (I + hi) = --2.1 for an intensity to be discriminated by the fly as lower than the prevailing intensity, it practically has to be extinguished,--which is the fact.
Whichever of the three ways one records the measurements, the fact remains that intensity discrimination for Drosophila changes first very rapidly and then more slowly over a small range of intensities above the threshold, and then reaches a constant value which is maintained as the intensity continues to increase. A similar condition holds for the bee's intensity discrimination as recently measured by Wolf (1933) . The measurements of Koenig and Brodhun (1889) supported more recently by Lowry (1931) , and by Houstoun and Shearer (1930) , for the human eye show no constant value for the higher intensities; instead the intensity discrimination increases, and then decreases as the intensity rises. The same is apparently true for the clam . The older data of Aubert on the human eye do not show this fall, and unpublished measurements by Mr. Jacinto Steinhardt of our Laboratory indicate that this fall at high intensities disappears under proper conditions of measurement. Table II , and the curve in Fig. 7 passes through these average values. It is apparent that the measurements for the various animals form a consistent description of the phenomenon.
Graphically the data are best represented as visual acuity against the logarithm of the illumination, following the usual practice of defining visual acuity as the reciprocal of the just resolvable visual angle measured in minutes of arc. Fig. 8 shows the averaged data of Table II plotted in this way. There are several points to be made with regard to the data. Of these the most obvious is that visual acuity increases with the logarithm of the illumination in a sigmoid manner, already familiar from the data on the human eye, and on the bee eye.
At the lowest intensities the visual acuity of Drosophila does not decrease continuously with the decrease in intensity, but instead stops quite sharply at an intensity corresponding to a brightness of 0.008 millilamberts. No matter how large the stripes are, the animals do not respond to them until this intensity is reached. This is made evident in Fig. 8 by the vertical line at this intensity, and was apparent in every animal which we tested for this purpose. This is related to the fact, obvious from Fig. 3 and Fig. 6 , that at this intensity for another fntensity to be recognized as perceptibly lower it must be practically extinguished.
The maximum visual acuity achieved by Drosophila is 0.0018, a value about 1/1000 that of the human eye, and 1/10 that of the bee's eye. This maximal value had to be obtained by a modification of the usual method as already described. The response of a fly to stripes depends on the size of the stripes, the distance of the fly from the stripes, and the intensity of the light. The usual method fixes the distance of the fly, presents it with a series of plates having each a fixed size of stripe, and measures the intensity required for the fly to respond to each stripe. To determine the maximum visual acuity in this manner requires the size of the stripe to be contirmously variable--a difficult thing to achieve in practice. We therefore adopted the procedure of choosing a stripe of approximately the correct size, fixing a high intensity, and measuring the distance at which the fly must be in order just to respond to the movement of the stripes.
The procedure of varying the distance of the fly from the test object may influence visual acuity by changing the brightness, and may corn-plicate matters in the same way as the curious but unexplained effect of distance on human visual acuity first found by Aubert and Foerster (Aubert, 1865) and recently emphasized by Freeman (1932) . Neither of these can be very serious for our measurements because the distances involved are 2 or 3 ram. Nevertheless we made special measurements to determine whether any such effects are present, varying the distance about 20 ram. Taking two plates with stripes 6.3 ram. and 1.27 ram. wide, we placed them 25.8 mm. and 5.21 mm. from the fly respectively. These both correspond to a visual acuity of 0.0012. Then we measured the threshold intensities of sixteen flies to a movement of these stripes, and secured as averages 4.36 and 4.07 respectively for the two plates. Similarly two plates having stripes 6.3 ram. and 2.84 ram. wide and at 21.5 ram. and 9.69 ram. from the fly (visual acuity = 0.0010) gave average intensity thresholds for the same sixteen flies as 1.66 and 1.86 respectively for the two plates. The differences between the two plates in each case are obviously negligible, and are opposite in direction in the two cases. The units of intensity here given do not correspond with the others previously given because we used a violet monochromatic filter in these measurements; according to Koenig (1897) the distance effect in the human eye is most prominent in the blue and violet, and we wished to make the test extreme. Therefore the determination of the maximum visual acuity by the distance method introduces no new variables, and the value 0.00180 for this maximum for Drosophila is the real value.
The maximum visual acuity of the human eye and the bee's eye is associated with the size of the structural units of the receiving elements (M/iller, 1826; Ramon y Cajal, 1894; Exner, 1891; Best, 1911) . In man the maximum value approximates the distance between foveal cones, though under special conditions it seems possible to increase the maximum performance (Hartridge, 1922; Anderson and Weymouth, 1923) . In the bee the minimum perceptible visual angle (0.9°-1.0 ° ) as determined physiologically (Hecht and Wolf) corresponds with the smallest angles (also 0.9°-1.0 °) subtended by the ommatidia in the central portion of the eye as measured anatomically (Baumg~trtner, 1928) .
The ommatidial angles in the eye of Drosophila have not been adequately measured (Johaamsen, 1924) . We therefore prepared for this purpose many sections of eyes using essentially Baumg~rtner's technique. This consists of rapidly fixing the heads in hot water, carefully running them through the alcohols, staining with eosin, imbedding in celloidin, preparing sections 20/z thick with a sliding microtome, clearing the sections with cedar oil, and mounting them in Canada balsam. We made photomicrographs of some of our best preparations, and on the mounted pictures we measured, the angles between adjacent ommatidia. A thread stretched between two needles was passed through the axis of each ommatidium. The needle pricks were connected with a line and the angle between adjacent axislines measured. The results are fairly irregular but, as Fig. 9 shows, quite adequate for the purpose. The largest section of the eye contains 31 ommatidia. The middle 16-18 of these show a constant angular separation of about 4.2 ° . At both ends the angular separation rises sharply to about 8°; measurements at the ends are uncertain due to the pronounced curvature of the ommatidia in these regions. The central region of the eye with its ommatidial separation of 4.2 ° is thus the place of sharpest vision, much as in the bee's eye. The average maximum visual acuity which we found experimentally for Drosophila corresponds to an angle of 9.28 ° , which therefore includes about two ommatidia instead of one.
This difference between the physiologically achieved and anatomically expected resolving power may mean that the neural paths of the ommatidia are interconnected, and that they therefore cannot act as individuals but as connected groups. However, we are inclined to ascribe it to another cause, namely the small number of ommatidia present in the eye as a whole. To distinguish a pattern, a certain minimal number of elements must be stimulated. This number is apparently a small fraction of the total population of retinal elements in the eye of man or of the bee. In the fly where the total number of elements is much smaller than in the human eye or in the bee eye, it probably represents a considerable proportion of the retinal population, and the group of units called into play to register a single stripe thus transcends the boundaries of a single line of elements. This idea is supported to a certain extent by the observation that homozygous bar-eye females, the eyes of which contain only 4-5 elements in the widest horizontal section, do not respond to the motion of the stripes at all.
Perhaps the best support for this idea comes from the experiments with the bee's eye in which parts of the eye were painted out. In the bee's eye it was found (Hecht and Wolf) that the maximum visual acuity coincided very well with the minimum angular separation between ommatidia, which shows that the individual elements act independently. Yet in an experiment in which the anterior half of each eye was painted out, the visual acuity at all intensities dropped to about 0.6 of its normal value, even at the maximum. Since the unpainted residue of the eye still contained elements having the original minimum angular separation, the drop in maximum visual acuity must be due to the decrease in the total number of elements acting in the eye.
V
Comparisons
A comparison between the two visual functions studied in Drosophila brings out the significant fact that the two functions begin and end at about the same intensities. As Fig. 8 shows, visual acuity begins to increase at an intensity whose logarithm is -2 and accomplishes most of its change in about 2 log units; the maximum visual acuity is not reached for about 1 log unit more, but this final change is very slow and not very large. Essentially the same thing is true of intensity discrimination. Fig. 3 and Fig. 6 show quite clearly that this function, after beginning at an intensity whose logarithm is -2, accomplishes most of its change in about 2 log units. Its maximum capacity is reached in about 1 log unit more, and this final change is slow and not very large.
The recently published measurements of the intensity discrimination of the bee by Wolf show that a similar relation exists between visual acuity and intensity discrimination for the bee. Visual acuity in the bee (Hecht and Wolf) begins to increase perceptibly with intensity at an intensity corresponding to log I = -1.0, and accomplishes nearly all of its range at log/= 1.0, though the small increase to the maximum visual acuity continues till after log/--2.0. The same range is covered by intensity discrimination. According to Wolf's data, AI/I begins to vary effectively at about log I ---1.5 and accomplishes most of its range at about log I = 1.0; its lowest value is reached after about one more log unit.
It would be well if a similar comparison of the two functions could be made for the human eye, but the existing measurements were made under such different conditions that it is not possible to do so with any certainty. Koenig's visual acuity data (Koenig, 1897) cover about the same range as his intensity discrimination data (Koenig and Brodhun, 1889) , that is, between 8 and 9 log units; but the precise way in which the two functions vary has been called into doubt by Lythgoe's measurements of visual acuity (Lythgoe, 1932) , and by unpublished measurements of intensity discrimination by Mr. Jacinto Steinhardt in our own Laboratory. For the present, therefore, it is well to omit discussion of them.
A comparison of the maximum values for intensity discrimination and visual acuity in the three species is of interest. The minimum value of 41/1 for Drosophila is 1.5; for the bee it is 0.25 (Wolf) ; and for man the minimum recorded is 0.006 (Helmholtz, 1866; Aubert, 1865) . Taking the reciprocal of the minimum/~I/I as a measure of maximum intensity discrimination, and putting Drosophila at 1, the ratios Drosophila~bee/man are 1/60/249 for maximum intensity discrimination, and 1/9.4/1110 for maximum visual acuity. A rough parallelism is apparent in these functions. Possibly some other, more theoretically defensible measure of maximum intensity discrimination might show a better parallelism to maximum visual acuity.
VI
Interpretation of Data 1. Visual Acuity.--Drosophila is the fourth organism whose visual acuity has been found to vary with illumination,--the other three being man (Koenig) , the bee (Hecht and Wolf) , and the fiddler crab (Clark, 1932) . In each case the visual acuity is low at low intensities and increases with log I in a characteristically sigmoid manner. The only quantitative interpretation at present available for this property of visual acuity (Hecht, 1926 (Hecht, , 1928 depends on the recognition of visual acuity as a measure of the resolving power of the retinal surface. The resolving power of a surface composed of independently functioning elements depends on the number of elements per unit area, or more specifically on the distance between the centers of the sensitive elements. To account for the required variation in number of elements at different intensities, it is assumed that the thresholds of the retinal elements vary in the retinal population much as any other characteristic of biological population. Curves have been drawn to show the threshold distribution required to account quantitatively for the data of the human eye (Hecht, 1928) , and for so differently constructed an organ as the bee's eye (Hecht and Wolf, 1929) . The present data with Drosophila (Fig. 8) show the same type of sigmoid relationship, and there is no reason to suppose that the same explanation is not available for Drosophila. Fig. 10 shows the differential Av.a./A log I. It is made from the smooth curve in Fig. 8 by finding the difference in visual acuity (Av.a.) for points 0.2 log units apart (4 log I) and plotting this difference against the value of log I midway between them. The resulting curve has the appearance of an ordinary, symmetrical, biological distribution.
A quantitative explanation of the visual acuity data of Drosophila then depends on the assumption that the visual acuity is inversely proportional to the angular distance between functional ommatidia, and that the thresholds of the ommatidia along the horizontal axis of the eye are distributed according to the curve in Fig. 10 .
Criticism of the ideas on which such an explanation is based has been made by Freeman (1930) , by Best (1930) , by Wilcox (1932) , and by Wilcox and Purdy (1933) . Freeman argues that since visual acuity may be varied by factors other than intensity, its variation with intensity cannot depend only on the number of elements functional. Wilcox and Purdy's criticism is an elaborate form of this standpoint. They state that our ideas are "inconsistent with the fact that acuity may vary within wide limits even though illumination remains constant." Moreover, the ideas fail "to take into account the concrete perceptual situation involved in the recognition of detail,"--which apparently means that we have offered no mechanism to explain how visual resolution takes place at all.
It is hard to see the force of these arguments, since the idea of how visual acuity varies with intensity is quite independent of the particular mechanism which controls the magnitude of visual acuity at a given intensity. No matter what that mechanism may be, nor how complex or simple it may be, it must rest on the fact that the ultimate resolving surface is composed of units which are independent functionally. The variation of visual acuity with intensity then follows very obviously in terms of the probable distribution of thresholds. Best (1930) is worried because the necessary range of distribution of thresholds is large. However, even when the apparent range, as in the human eye, appears quite large, about 90 per cent of the variation occurs in less than 2 log units (Hecht, 1930) . In the case of the bee and Drosophila this range is even smaller. But even if the range were very large indeed, the difficulty disappears when it is recalled that different portions of the human retina actually do possess thresholds which differ by just such large magnitudes.
Differing from these criticisms are those of Wilcox, who found that under certain conditions visual acuity does not rise steadily with log I as measured by Koenig and everyone since, but actually becomes worse at high illuminations. He then concludes that the increase in number of functional elements which presumably takes place at these high intensities cannot account for the decrease in visual acuity, and therefore the whole conception is not valid.
Wilcox used a novel procedure in his measurements. Two tiny, illuminated vertical bars each subtending 2.4 by 20 minutes of visual angle are viewed against an absolutely black background, and the distance is determined by which the bars must be separated for them to be recognized as two bars. It would seem almost too elementary, but apparently quite necessary, to point out that the term retinal illumination refers to the general level of illumination of the retina as a whole, or of a goodly portion of it. In Wilcox's measurements the retina as a whole is completely dark, and only the very tiny test objects are illuminated. What Wilcox measured is a glare phenomenon, and may require a new name; but it is not the relation of visual acuity to the illumination prevailing on the retina. That this criticism of his method is valid becomes clear when the reverse of this procedure is used, that is, when the test bars are black and are viewed against an evenly illuminated background. The results which Wilcox secured in this manner are in agreement with the classic data of Koenig and others, and are obviously open to the same explanation. Wilcox himself proposes an explanation of his particular findings and in general of the relation between visual acuity and illumination, which depends on two sets of measurements made with the method already described. One set records the distance by which the two bars must be separated so that between them there appears a space which is just perceptible to the eye. The other set records the distance by which the bars must be separated so that the space between them appears of the same size as one bar. The first set Wilcox calls measurements of visual acuity; the second set, measurements of irradiation. It then appears that at different intensities the first set of measurements equals the second set of measurements multiplied by a factor. Wilcox then concludes that irradiation is the explanation of the visual acuity variation. The reverse would be equally true.
These criticisms therefore leave the original explanation of the relation between visual acuity and illumination--as due to a population distribution of thresholds of the sensitive elements--as valid as when it was proposed. This does not mean that it is the correct explanation; it is merely the only explanation which describes the data quantitatively. That is its main virtue, plus the fact that its basis is not inherently improbable, and rests on concrete assumptions with regard to the structure of the visual mechanism.
The only other explanation worth mentioning is the one given by Hoffman (Best, 1930) for the human eye. It supposes that the diffusion circles produced by two points have to be separated differently at different intensities in order to produce a recognizably lower intensity between them. This assumes that the eye can discriminate intensities absolutely--which we know it does only relatively. Even so, this explanation has never been put into quantitative form and therefore cannot be tested.
It is worth noting that the visual acuity data of Drosophila as given in Table II and Fig. 8 may be described with excellent precision by the stationary state equation KI = x/(a -x) representing a reversible photochemical system in which the light and the dark reactions are both monomolecular. The numerical equation is 221 ---(x -2)/ (18 -x) where x equals the visual acuity multiplied by 10,000. The shape of the stationary state curve is specific with regard to the power to which x is raised in the numerator (Hecht, 1928) . The human visual acuity curve (Koenig) conforms to a second power equation. The visual acuity of Drosophila is described by a first power equation. The visual acuity curve of the bee (Hecht and Wolf) may be described with a fair degree of approximation by a first order equation of the form KP = x/(a -x) in which the intensity enters as the square. The numerical form is 0.95 P = (x -3)/(160 -x) where x is the visual acuity multiplied by 1,000. The values are direct and are not corrected for varying ommatidial anglc a correction which is useful at the very low visual acuities only.
2. Intensity Discrimination.--Intensity discrimination has been described theoretically (Ptitter, 1918; Hecht, , 1926 on the assumption that in the action of light on the photosensory system, intensities which are just recognized as different produce effects which differ by a constant increment. These increments may be recorded as changes in the frequency of discharge of the individual sensory elements, or as changes in the number of elements functional, or as both. The work on visual acuity and illumination (Hecht, 1928) favors the number idea but does not exclude frequency. The work on single end-organs (Adrian and Zotterman, 1926; tIartline and Graham, 1932) favors frequency but does not exclude number.
The quantitatively developed idea (Hecht, 1926 (Hecht, , 1928 that the influence of intensity on visual acuity and on intensity discrimination may be described in terms of the number of elements functional has been adopted by Houstoun (Houstoun and Shearer, 1930; Houstoun, 1932) without recognizing the theoretical difficulties involved. The original supposition was that whereas visual acuity increases with the total number of active elements, each step in intensity perception corresponds only to the differential increment in the number of active elements. If the relations between visual acuity and intensity discrimination were as simple as this, the intensity at which visual acuity alters most rapidly with log I should represent the most rapid rate of entrance of functional elements, and should therefore correspond to the place where intensity discrimination is best. Moreover, at high intensities when visual acuity practically ceases to increase because nearly all the elements are already functional and very few new ones enter, intensity discrimination should be poorest--in fact almost nonexistent.
Yet neither of these things is true for Drosophila and for the bee, and probably also for the human eye. Fig. 8 and Fig. 10 show that the maximum rate of increase in visual acuity occurs at an intensity whose logarithm is very near -!.5, whereas Figs. 3 and 6 show that at this point intensity discrimination is by no means maximal. Moreover at the highest intensities, when visual acuity has reached its top value, intensity discrlm~nation instead of being at its worst is actually at its best. Exactly the same is true for the bee, where the maximum rate of increase in visual acuity comes very nearly at log I = 0 (Hecht and Wolf) at a point where intensity discrimination is certainly not at its best (Wolf, 1933) . Moreover when visual acuity has reached its maximum at log I = 2.0, and intensity discrimination should be worst, it is nevertheless also at its best in the bee and shows no sign of falling off at the highest intensities.
These failures in the correspondence of the two functions are very important, and cannot be due to any chance shift in the intensities for the two functions. We are certain that for Drosophila the intensities for visual acuity and intensity discrimination are exactly comparable, because both functions for many of the animals were measured within a very short time of each other with the same piece of apparatus. Similarly for the bee, the two functions were measured with practically identical apparatus using the identical striped plates, and the measurements were made by the same person (Wolf) . But even if the intensities were not exactly comparable, the fact that at the highest intensities both functions are maximal is adequate evidence against the interpretation.
Thus in Drosophila and in the bee, intensity discrimination does not depend on the rate at which elements become functional, but apparently rather on the total number of elements functional, as in visual acuity. It is possible that though both are functions of the total number of elements active in a given unit of sensory surface, the specific relation is different for each. For visual acuity the situation is simple, but for intensity discrimination it means a revision of ideas held up to now. One possibility is that intensity discrimination is s~milar and constant for all the sensory elements, but that the thresholds have a probability distribution. Then increasing the total number of elements decreases the sensory contribution each has to make to produce a constant increment in total sensory effect, and therefore the fraction AI/I becomes smaller as the total number of elements increases. Other possibilities are also available, but a discussion of them is unfruitful at the present stage of our knowledge.
SIYM'~tARY
Drosophila possesses an inherited reflex response to a moving visual pattern which can be used to measure its capacity for intensity discrimination and its visual acuity at different illuminations. It is found that these two properties of vision run approximately parallel courses as functions of the prevailing intensity.
Visual acuity varies with the logarithm of the intensity in much the same sigmoid way as in man, the bee, and the fiddler crab. The resolving power is very poor at low illuminations and increases at high illuminations. The maximum visual acuity is 0.0018, which is 1/1000 of the maximum of the human eye and 1/10 that of the bee.
The intensity discrimination of Drosophila is also extremely poor, even at its best. At low illuminations for two intensities to be recognized as different, the higher must be nearly 100 times the lower. This ratio decreases as the intensity increases, and reaches a minimum of 2.5 which is maintained at the highest intensities. The minimum value of AI/I for Drosophila is 1.5, which is to be compared with 0.25 for the bee and 0.006 for man.
An explanation of the variation of visual acuity with illumination is given in terms of the variation in number of elements functional in the retinal mosaic at different intensities, this being dependent on the general statistical distribution of thresholds in the ommatidial population. Visual acuity is thus determined by the integral form of this distribution and corresponds to the total number of elements functional. The idea that intensity discrimination is determined by the differential form of this distribution--that is, that it depends on the rate of entrance of functional elements with intensity--is shown to be untenable in the light of the correspondence of the two visual functions. It is suggested that, like visual acuity, intensity discrimina-
